Cardiac calcium channels and their control by neurotransmitters and drugs  by Trautwein, Wolfgang & Cavalié, Adolfo
JACC Vol. 6, No.6 
December 1985: 1409-16 
BASIC CONCEPTS IN CARDIOLOGY 
Arnold M. Katz, MD, F ACC, Guest Editor 
1409 
Cardiac Calcium Channels and Their Control by Neurotransmitters 
and Drugs 
WOLFGANG TRAUTWEIN, MD, ADOLFO CAVALIE, MS 
Saar, West Germany 
Calcium channels, which playa primary role in the con•
trol of the calcium influx into cardiac cells, were initially 
studied by recording macroscopic currents in multicel•
lular preparations. More recently, channel research has 
combined studies of whole cell calcium currents and el•
ementary currents through single calcium channels, both 
measured in isolated cardiac cells. These studies provide 
insight into the mechanism of opening and closing of 
single calcium channels and enable inferences to be made 
During the action potential, changes in the cell membrane 
potential are the result of ion fluxes across the sarcolemma 
through several types of channels, The influx of calcium 
ions generates the calcium current, which plays a central 
role in both normal and abnormal electrical activity of the 
heart, In the sinoatrial (SA) node, the calcium current con•
tributes to the upstroke of the action potential and to the 
diastolic depolarization of the pacemaker and therefore, any 
change in the calcium current will have effects on the heart 
rate. In addition, calcium currents are responsible for con•
duction in the atrioventricular (A V) node and for the main•
tenance of the plateau of the action potential in cells of the 
atria, ventricles and His-Purkinje system. On the other hand, 
because the calcium current represents the primary calcium 
supply for the cardiac cell, it also regulates the intracellular 
free calcium concentration by working with the sarco•
plasmic reticulum and other transport mechanisms. Changes 
in the intracellular free calcium serve as triggers for con•
traction and are involved in the regulation of other cellular 
functions, 
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about the whole cell calcium current from the average 
gating behavior of single channels. In addition, they 
promise a more complete understanding of the relation 
between the biophysical properties and molecular struc•
ture of the calcium channel. New information has also 
been obtained on the modulation of calcium channel 
gating by neurotransmitters and drugs. 
(J Am Coll CardioI1985;6:1409-16) 
Newer Techniques to Study 
Calcium Currents 
During the last two decades, calcium currents were stud•
ied (l,2) in multicellular preparations from SA node, A V 
node, Purkinje fibers and ventricular tissue. However, the 
complicated morphology and electrical properties of such 
preparations often led to ambiguities of the quantitative data 
obtained in these studies. In recent years, it has become 
possible to isolate single cells by enzymatic treatment of 
adult heart tissue. For example, myocytes have been dis•
sociated from rat, guinea pig and bovine ventricular tissue 
(3,4), In a similar way, human cardiac cells have been 
isolated from tissue obtained during corrective surgery (5), 
Using this procedure many of the isolated cells retain their 
normal morphology and physiologic properties. 
This article is part of a series of informal teaching re•
views devoted to subjects in basic cardiology that are of 
particular interest because of their high potential for clincial 
application, The series is edited by Arnold M. Katz. MD. 
FACC. a leading proponent of the view that basic science 
can be presented in a clear and stimulating fashion. The 
intent of the series is to help the clinician keep abreast of 
important advances in our understanding of the basic mech•
anisms underlying normal and abnormal cardiac function. 
0735-1097/851$3.30 
1410 TRAUTWEIN AND CAY ALIE 
CARDIAC CALCIUM CHANNELS 
The concurrent development of the patch-clamp tech•
nique has allowed the recording of elementary currents through 
single ion channels and membrane currents in single cells 
(6). The principle of the patch-clamp technique is the suction 
of a membrane patch into the heat polished mouth of a glass 
pipette to obtain a tight pipette to membrane seal which 
allows high resolution measurements of the current flowing 
through the patch pipette. These seals are formed only on 
"clean" membrane surfaces, a condition fulfilled by iso•
lated cardiac cells. Because this membrane to pipette ar•
rangement produces a low background noise, the movement 
of a few thousand ions through single channels can be de•
tected as currents measured in picoamperes (10- 12 A). Fur•
thermore, the membrane patch can be destroyed by a pulse 
of negative pressure to provide a direct access from the 
pipette interior to the cytoplasm of the cell. This cell-pipette 
configuration allows the action potential to be measured, as 
well as whole cell currents under control of the membrane 
potential (voltage-clamp technique). With some modifica•
tions, it is also possible to dialyze the cell with different 
agents such as cyclic adenosine monophosphate (cAMP) or 
enzymes through the pipette. The development of the patch•
clamp technique and the advent of the isolated cardiac cell 
have opened up the possibility of controlling the environ•
ment on both sides of the membrane and of observing single 
channel events. Recently, the understanding of the prop•
erties of calcium currents has been improved by information 
obtained from studies that combine both techniques. 
Whole Cell Membrane Currents of 
Ventricular Myocytes 
During the action potential, the ionic currents vary with 
changes of the ion selective conductances which are voltage•
and time-dependent. When the voltage across the membrane 
of a ventricular cell at rest is changed stepwise to a value 
sufficiently more positive than the level at rest, the whole 
cell current (Fig. IA) is caused by the sequential appearance 
of a sodium current, a calcium current and a potassium 
current. The underlying variations of the membrane con•
duction originate from the openings and closings of several 
thousand channels specific for sodium, calcium or potassium 
ions. Taking advantage of the potential dependence of so•
dium channels, the sodium current can be suppressed by 
shifting the membrane potential to a more positive level 
(depolarization) before the voltage step. Under these con•
ditions, it can be observed that calcium currents (Fig. IB) 
rapidly increase and then decay at a much slower rate (7), 
despite the fact that the membrane potential is maintained 
at the same value that induced the current. This observation 
implies that a sufficiently positive potential causes calcium 
channels to open, a process termed activation. Subse-
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Figure 1. Whole cell membrane currents of ventricular myocytes 
(isolated from adult guinea pig heart) under control of the mem•
brane potential. A, Step polarization from -70 mY (resting po•
tential) to + 10 mY of 300 ms duration evoked a current that 
started with a capacitive component (upward deflection) and im•
mediately became inward (downward deflection). This inward 
component comprises the sodium current (INa) and the calcium 
current (lea). Later, the membrane current became outward owing 
to activation of the potassium current (lK). Interrupted lines rep•
resent zero current level. B, Pulses from - 50 to + 10 mY in•
activate INa and leave lea as the only inward current. C, Barium 
(Ba) and calcium (Ca) currents. The inward current carried by 
barium ions is of larger amplitude and decays more slowly than 
lea for equal concentrations of calcium and barium (same pulses 
as in B). The bath solution contained (in mM): sodium chloride 
130, potassium chloride 10.8, magnesium dichloride I, calcium 
dichloride 3.6 (except in the experiments of C), glucose 10, Hepes 
5. Temperature was 36°C, pH 7.4. 
quently, calcium channels undergo an inactivation process 
that results in the decay of the calcium current. 
Mechanism of ion permeation through calcium chan•
nels. Several divalent cations can also carry current through 
calcium channels. For example, the current carried by bar•
ium ions is larger in amplitude and decays more slowly than 
the calcium current (Fig. lC). In addition, sodium currents 
through calcium channels can also be recorded if calcium 
ions are withdrawn from the external solution (8). In the 
past, this ability of calcium channels to select calcium ions 
under physiologic conditions and to allow the permeation 
of sodium ions in the absence of calcium led to the contro•
versy about the ionic basis of the "slow inward current" 
in cardiac tissue. Recently, a novel hypothesis has been 
proposed (8) to explain the mechanisms of ion permeation 
through calcium channels. This hypothesis postulates that, 
under physiologic conditions, calcium channels are occu•
pied almost all the time by one or more calcium ions, which 
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bind to sites with high affinity for calcium. The occupancy 
of the outer site by a calcium ion promotes current flow by 
electrostatic repulsion of the calcium ion at the inner site, 
increasing its chance of leaving that site and entering the 
cell. Because calcium binds strongly to the channel, sodium 
and other ions are quickly repelled out of the channel by 
calcium ions, reinforcing the calcium permeability. If cal•
cium ions are absent, sodium ions become the charge carrier 
for the current through calcium channels. 
Elementary Currents Through 
Calcium Channels 
Whole cell calcium currents represent the sum of the 
elementary currents through several thousand calcium chan•
nels. These elementary currents have been recorded by means 
of the patch-clamp technique (9-12). In a membrane patch 
that contains at least three channels, for example, three 
current levels can be observed. The first level corresponds 
to the current through one channel, the second and third 
level to the superposition of currents through two or three 
channels (Fig. 2A). The superpositions of channel openings 
are most frequent at the beginning of depolarization (acti-
Figure 2. Elementary currents through calcium channels. A, Ex•
ample of inward currents (downward deflections) passing through 
at least three calcium channels opened by a 300 ms voltage step 
to + 10 mY from resting potential. B, Similar voltage steps applied 
to a membrane patch, which contains one active channel, can either 
elicit activity (upper trace) or not ("blank record," lower trace). 
The activity of the calcium channel is characterized by rapid current 
fluctuations between two conductance levels (open, shut) and fol•
lowed by long periods of quiescence. Notice the constancy of the 
amplitude of the current levels, which corresponds to the actual 
number of open channels. The elementary currents were recorded 
by means of the patch-clamp technique in isolated ventricular 
myocytes and were carried by barium ions, because the following 
solution (contained in the pipette) was facing the external side of 
the channels (in mM): barium dichloride 90, sodium chloride 2, 
potassium chloride 4, Hepes 5, tetrodotoxin 0.02. The pH was 
7.4. 
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vation) and decrease later to zero (inactivation), reflecting 
the time course of the whole cell calcium current shown in 
Figure lB. If the membrane patch contains one calcium 
channel, the elementary currents reach one constant level 
and occur in quick succession, usually followed by a quies•
cent period (Fig. 2B, upper trace). However, the channel 
is not always ready to open. Thus, identical depolarizations 
can fail to produce channel openings, resulting in "blank 
records" (Fig. 2B, lower trace). With 90 mM barium in the 
patch pipette, the elementary currents amount to about I 
pA at + 10 mY (Fig. 2). Their amplitude depends on the 
membrane potential, the divalent charge carrier and its con•
centration (10). With 10 mM calcium in the external so•
lution, for example, the single channel current is estimated 
to be about 0.07 pA at + 10 mY (8), too small to be detected 
by the patch-clamp technique. 
Calcium Channel Gating 
The calcium channel is probably a protein complex that 
extends through the sarcolemmal membrane bilayer. This 
protein complex is thought to exist in several conformational 
states corresponding to the open or conducting state and to 
the nonconducting or shut states. The time spent in each 
conformational state and also the number of different states 
can be studied by analyzing the temporal properties of el•
ementary currents, namely, the openings and closings of 
the channel (Fig. 3). At a low time resolution, long periods 
of activity (clusters) are interrupted by long periods of qui•
escence (Fig. 3A,a). A look into the cluster reveals groups 
of openings (bursts) separated by shut periods which are 
shorter than those between the clusters (Fig. 3A,b). At a 
very high time resolution, the bursts appear as very short 
closings and openings (Fig. 3A,c). These observations sug•
gest that there are three sorts of channel shut time and one 
sort of channel open time and, therefore, it can be inferred 
that the calcium channel may exist in at least an equal 
number of open and closed states. On the other hand, each 
sort of closed or open period does not have a fixed length 
as can be seen in Figure 3A. This is a characteristic of 
random processes like the openings and closings of channels 
(13). 
Mean lifetime of calcium channel states. It is usual to 
construct frequency histograms for the lengths of closed and 
open periods to obtain information about the mean lifetime 
of the channel states. Such histograms can be fitted by 
exponential distributions, the time constants being equal to 
the mean length of each sort of closed or open period. 
Another characteristic of these histograms is that the number 
of components from the exponential distributions is related 
to the number of channel states. For example, an analysis 
of the open times of calcium channels shows a monoex•
ponential distribution because there is only one open state 
1412 
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Figure 3. Calcium channel gating. Elementary cur·· 
rents were recorded during steady depolarization of 
the membrane patch to - 10 m V. A, Example of 
current records displayed at different time resolu•
tions. The single channel current was interrupted 
by gaps of different duration, which resulted in the 
grouping of elementary currents into clusters (a) 
and bursts (b). At high time resolution, each ele•
mentary channel current is seen as an inward current 
step of unitary size (c). B, Frequency versus time 
histograms of the open and shut times. The histo•
gram of the channel open times (top) was fitted by 
a single exponential (curved line) with 0.8 ms time 
constant and the histogram of the channel shut times 
(bottom) by a double exponential curve with time 
constants 0.4 and 2.1 ms. The last bin in the lower 
histogram gives the number of all gaps in the range 
of 9.6 ms to several seconds corresponding to in•
tervals between clusters (A,a). 
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(Fig. 3B, top). The shut time distribution, however, contains 
more than one exponential (Fig. 3B, bottom). The first two 
are related to short-lived shut states occupied within clusters. 
The distribution of the shut periods between clusters is not 
yet clear because of the comparatively small number of 
observations, but these periods indicate the existence of 
long-lived shut states. Additionally, in general the mean 
lifetime of a given state is equal to the inverse of the sum 
of transition rates that lead away from that state. Therefore, 
information about the transition rates can also be extracted 
from the open and closed time distributions. 
Mechanism of calcium channel gating. A simple 
mechanism that accounts for the characteristics of calcium 
channel gating in the heart can be described by the following 
scheme: 
1 1 1 
<--------Q ------II, 
where C 1 and C2 represent the short-lived closed states and 
o the open state. In addition, the channel can exist in long•
lived closed states which are lumped together in the state 
Q. The transitions between the states are indicated by ar•
rows, some of them being labeled with their rate constants 
(k .. k2' k3, ~). In this mechanism, the occupancy of Cz 
produces short closings during bursts; sojourns in C 1 result 
in closed periods between bursts. Thus, fluctuations between 
C 1, Cz and 0 cause bursts of closely spaced openings. Ad•
ditionally, calcium channels can escape from any of these 
states into Q producing the end of the bursting activity. 
Therefore, closed periods between clusters can be attributed 
to sojourns in Q. This mechanism of calcium channel gating 
incorporates pathways between the more frequent states, 
though calcium channels may also have other, "less fre•
quently observed gating behavior, expressed as long lasting 
openings interrupted by very brief closings (11). 
The Q state. During the occupancy of the long-lived 
closed (Q) state, the channel is not ready to be opened by 
a voltage step. Therefore, the occupancy of the state Q 
generates groups of blanks in a series of current traces re•
corded during consecutive and identical depolarizations (Fig. 
4A,a). One way to promote the occupancy of the state Q 
is the depolarization of the cell membrane before each volt•
age step. Under this condition, the number of blanks in a 
series of trials increases (10). In a depolarized cell, the 
amplitude of the whole cell calcium current is also decreased 
as if a fraction of the calcium channel population were 
removed from the conducting pool by promoting the oc•
cupancy of the state Q. This process is known as voltage•
dependent inactivation. In addition, records with alternating 
channel openings and blanks (Fig. 4A,a) suggest a slow 
transition process in the calcium channel gating. The mod•
ulation of this process may play a crucial role in the beat 
to beat regulation of calcium currents, because the process 
controls the number of calcium channels that contribute to 
the generation of the whole cell current. 
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Activation and Inactivation of the 
Calcium Channel 
How can we now explain the time course of the whole 
cell calcium current from the gating behavior of the single 
channel? For this purpose, the activity of one single channel 
is recorded many times during identical and consecutive 
step depolarizations. The series of current traces forms an 
ensemble (Fig. 4A,a). Later, the ensemble mean current 
(Fig. 4A,b) is obtained by averaging all current traces. Such 
a mean current gives the time course of the activity during 
a step depolarization for one channel in the same way that 
the whole cell current does for many channels. Activation 
is related to the onset of channel activity, a process which 
is not instantaneous. In fact, when observed at high time 
resolution, a variable time elapses after the onset of depo•
larization and before the first channel opening, that is, cer•
tain latencies are observed (Fig. 4B,a and b). The latency 
can be explained if the channel, being in C1 at the beginning 
of the depolarization, has to progress through C2 before it 
opens. This transition is repeated during each depolarization 
giving different latencies. Therefore, the ascending phase 
of the mean current (Fig. 4B,c) reflects the addition of all 
the latencies from the ensemble. When the channel has 
opened, it flickers for a variable time (Fig. 4C,a and b) 
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among CI. C2 and 0 before it finally enters into Q. These 
periods of flickering correspond to the cluster duration and 
are reflected in the declining phase of the mean current (Fig. 
4C,c). 
In summary, the ascending phase of the current is related 
to the latency and the decay to the cluster lifetime. Using 
this information, the activation of the whole cell calcium 
current can be interpreted as a step by step incorporation of 
channels with several latencies to the conducting pool. The 
activated channels may contribute with elementary currents 
for a while and then close, producing a progressive decrease 
of the fraction of conducting channels which in tum causes 
the inactivation of the calcium current. 
Control of Calcium Channels 
by Neurotransmitters 
Calcium channels are controlled by neurotransmitters, 
including epinephrine, norepinephrine and acetylcholine. 
The superfusion of isolated ventricular cells with epineph•
rine produces an increase of the whole cell calcium current 
(Fig. 5A,a and 5B,a). This beta-adrenergic stimulation of 
calcium channels is mediated by an intracellular messenger 
and occurs by way of a cascade of reactions (1,14-16). 
B c 
" 
Figure 4. Activation and inactivation of 
the calcium channel. A, Example of con•
secutive current records taken from a se•
ries of 205 step depolarizations from rest•
ing potential to + 10 mV (a) and the 
corresponding average current (b). Note 
the grouping of records with channel ac•
tivity and blanks. B, Activation of the 
calcium channel. The first opening during 
a depolarization occurred with various la•
tencies after the onset of depolarization 
(for example, the time between the ar•
rowheads in a). The activity of the cal•
cium channel during step depolarizations 
can be reduced to open-closed idealiza•
tions (a, lower trace) by neglecting all 
short shut intervals. Such idealizations are 
displayed for representative current rec•
ords (b). The rising phase of the average 
current (c) displayed at high time reso•
lution shows a close correlation with the 
latencies (compare with traces of b). C, 
Inactivation of the calcium channel. a, 
Original record and the idealization of the 
calcium channel activity during a voltage 
step. b, Idealizations of representative 
current records. Comparison of the ideal•
izations (b) and the ensemble mean cur•
rent (c) shows that the declining phase is 
due to the entry of the calcium channel 
in long periods of quiescence. 
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Binding of the agonist to the teceptor stimulates the mem•
brarie-bound adenylate cyclase with a consequent increase 
in the intracellular cAMP concentration, which in tum ac•
tivates cAMP-dependent protein kinase by causing its dis•
sociation from an inactive complex into two regulatory and 
Figure S. Effect of adrenaline on the calcium channel. Bath ap•
plication of adrenaline induces an increase of the whole cell cal•
cium current (A,a and B,b) without affecting its time course. At 
the level of single channels, the corresponding effect is a prolon•
gation of the open time and reduction of the shut intervals (A,b 
and B,b). Therefore, the fraction of time that the channel spends 
in the open state (Po) during a depolarization is increased (in A,d 
and B,d compare the length of the horizontal bars). In addition, 
the number of blank records (dots in A,d and B,d) is decreased 
by adrenaline. The consequence of both effects is an increase in 
the ensemble mean current (A,c and B,c). Whole cell currents 
were recorded during voltage steps from - 50 to + 10 m V and 
the single channel currents during steps from resting potential to 
+ 10 mY. 
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two active cataiytic subunits. The cascade, which has been 
biochemically characterized in vitro, has been directly stud•
ied (15,16) by dialyzing isolated cells with cAMP or the 
active subunit of the enzyme. Both procedures increase the 
calcium current, as does the extracellular application of 
epinephrine. 
The ultimate mechanism in the control of the calcium 
channels is thought to be the phosphorylation of a protein 
that can be either an integral part or closely related to the 
channel (1), this protein being phosphorylated by the active 
catalytic subunit of the protein kinase. In agreement with 
this phosphorylation mechanism, beta-stimulation requires 
adenosine triphosphate (A TP) hydrolysis and is greatly de•
pressed when cells are dialyzed with nonhydrolyzable ATP 
derivatives (16). 
Beta stimulation of single calcium channels. 
Epinephrine can be shown to increase the probability of the 
channel being open (17,18). This is seen as a prolongation 
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of the channel-open lifetime, a shortening of the shut times 
and a smaller number of blanks in the ensemble of consec•
utive current traces (Fig, SA,b and d and SB,b and d), The 
larger opening probability as compared with the control is 
shown by the longer horizontal bars and fewer dots in Figure 
S, The smaller number of blanks indicates a removal of 
calcium channels out of the state Q, which results in an 
increase of the amplitude of the ensemble average current 
(Fig. SA,c and SB,c), Similarly, the increase in the ampli•
tude of the whole cell calcium current (Fig, SA,a and SB,a) 
results from the larger number of available channels. 
Effect of acetylcholine. The epinephrine-induced in•
crease of the calcium current can be hindered by application 
of acetylcholine. The inhibition seems to occur at an early 
step of the cascade, at the level of the adenylate cyclase, 
because inhibition is not observed when the calcium current 
is enhance4 by dialyzing the cell with the active catalytic 
subunit of the cAMP-dependent protein kinase. On the other 
hand, the cascade does not seem to be the pathway for the 
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control of the calcium current in the nonbeta-stimulated cell, 
This suggestion is based on the observation that dialyzing 
the cell with the regulatory subunjt of t~e cAMP-dependent 
protein kinase, which is known to bind the catalytic subunit, 
has little effect on the calcium current in the non beta•
stimulated cell. Therefore, it is likely that calcium channels 
need other intracellular substances or enzyme systems that 
keep them in a functional state, This suggestion is also 
Figure 6. Block of calcium channels by gallopamil (0600). A,a 
and B,a show the currents recorded before and after the ventricular 
cell was superfused with 0600, respectively. At the level of single 
channels, 0600 decreases the open times and prolongs the shut 
times (A,b and B,b), resulting in a reduction of Po (A,d and B,d). 
Furthermore, the number of blanks (arrows) increases during ap•
plication of 0600 (A,d and B,d). Both effects of 0600 produce 
a reduction of the mean current (A,c and B,c) in a way similar to 
the 0600 block of the whole cell calcium current. T/le effects of 
D600 on calcium channels are reversible. The pulse protocol for 
the recording of whole cell and elementary currents was the saIfle 
as in Figure 5. 
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compatible with the observation that calcium channels, in 
contrast to other ion channels, are not functional when the 
membrane patch is disrupted from the cell (10). 
Role of Calcium Channel Blocking Agents 
Organic calcium channel blocking agents, the so-called 
calcium antagonists, play an important therapeutic role as 
vasodilators l1lld in the treatment of cardiac arrhythmias. 
They can be classified into three groups: I) the papaverine 
derivatives, such as verapamil, D600 or gallopamil, 2) dil•
tiazem, and 3) the 1,4-dihydropyridines, such as nifedipin« 
or nitrendipine. In heart cells, the common effect of these 
agents is the blockade of calcium channel currents (19). 
Verapamil and related compounds, for example, block cal•
cium channels preferentially when they are open, although 
these drugs also bind to inactivated channels (20). At the 
level of single channels, the calcium channel blocker gal•
lopamil decreases the opening probability by shortening the 
open lifetime of the channel and prolonging the closed times 
(Fig. 6A,b and 6B,b). The most obvious effect of this drug 
is, however, the long groups of blanks on consecutive de•
polarizations. Both effects on calcillm channels result in a 
smaller amplitude of the ensemble average current (Fig. 
6A,c and 6B,c). The whole cell calcium current is depressed 
(Fig. 6A,a and 6B,a) mainly because of the removal of 
some channels from the conducting pool and because the 
remaining channels open less frequently. The blocking po•
tency of verapamil and its derivatives is stronger at high 
membrane potentials (voltage dependence) (19-22). There•
fore, it is thought (20) that these drugs are more effective 
on depolarized areas of the heart (nodal or diseased tissue) 
than on other regions (such as the ventricle). In addition, 
repetitive stimulation also increases their potency (use de•
pendence) (19-22). Certain types of arrhythmias, therefore, 
can be inhibited by these drugs. Diltiazem also blocks cal•
cium currents in a voltage- and use-dependent fashion (19,23). 
Recent investigations (24) suggest that calcium channel 
blockade by 1 ,4-dihydropyridines is also strongly modulated 
by membrane potential, but in contrast to verapamil, the 
voltage-dependent block occurs in the absence of repetitive 
depolarizations. Dihydropyridines also show use-dependent 
block but under conditions of rapid stimulation. New drugs 
are currently being developed, for example BAY K 8644, 
a compound that has agonistic effects but is structurally 
similar to nifedipine (11). 
Studies at the single channel level provide a tool for an 
understanding of the drug-channel interactions. Further•
more, drug actiolls can provide valuable information on the 
channel molecule, as have efforts to isolate the channel 
proteins and to incorporate them in artificial membranes. In 
this way, we hope that in the future combined biochemical 
and biophysical studies will provide us with an understand•
ing of the relation between the electrophysiologic properties 
and chemical structure of the channel. 
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